Background: Two differently charged polypeptides, α-poly-L-lysine and poly-L-glutamate, have previously been shown to effectively reduce postoperative intraabdominal adhesions. Though α-poly-L-lysine showed toxicity in doses too close to the lowest therapeutic dose, the aim in the present study was to investigate the possible antiadhesive effect of another four cationic polypeptides. Materials/Methods: 125 mice were studied with a standardized and reproducible adhesion model and given epsilon poly-Llysine, lactoferrin, lysozyme and polyarginine respectively in a combination with poly-L-glutamate. Epsilon poly-L-lysine was also tested in different concentrations and as single treatment. Results: All four cationic polypeptides above showed a significantly better anti-adhesive effect than the controls receiving saline (p < 0.05). Epsilon poly-L-lysine had the best antiadhesive effect of the new substances tested in the experiment. Single treatment with the epsilon poly-Llysine showed toxic side effects. Discussion: We have shown that epsilon poly-L-lysine, polyarginine, lysozyme and lactoferrin, in descending order, all can reduce postoperative intraabdominal adhesions in mice when combined with poly-L-glutamate. There were side effects of epsilon poly-L-lysine resembling those of α-poly-L-lysine, although less toxic. The antiadhesive effect of epsilon poly-L-lysine did not reach the level of α-poly-L-lysine. Further studies will concentrate on additional investigation, trying to modify the α-poly-L-lysine to lower its toxicity. The less toxic epsilon poly-L-lysine also needs further attention in our research of antiadhesive bioactive polypeptides.
INTRODUCTION
Postoperative abdominal adhesion formation is a significant clinical problem worldwide, especially following lower abdominal surgery [1, 2] . Adhesions contain fibrotic tissue that can create bridges between bowels, organs and the abdominal wall, thus creating intraabdominal problems. Abdominal adhesions are not only the leading cause of small bowel obstruction, a common diagnosis often demanding surgical treatment, but also cause abdominal pain and female infertility [3] .
The pathogenesis is not completely elucidated but the overall picture is quite clear [4] . The peritoneal surface is very delicate and susceptible to damage. In the process of adhesion formation, the plasmin system plays a crucial part with an imbalance between fibrin formation and degradation at the injured peritoneal site [5] [6] . Important factors involved in degradation and formation of local peritoneal adhesions are tPA and PAI-1 [7] [8] [9] [10] .
The annual cost of adhesion-related diagnosis in Sweden has been estimated at about 6.3 million €/million inhabitants [11] .
Various products are available on the market and are used to prevent/reduce the amount of postoperative adhesions [12, for example hyaluronic acid [13] and its derivates and soluble polysaccharides [14] and phospholipids [15] . However, these formulas have not been shown to reduce the risk of small bowel obstruction [12] .
In previous experimental studies we have shown very promising results in the reduction of postoperative abdominal adhesions using a combination of differently charged polypeptides, α-poly-L-lysine and poly-L-glutamate [16] [17] [18] . The positively charged poly-L-lysine binds to the negatively charged damaged peritoneal surface and then attaches the negatively charged poly-Lglutamate to build a neutral matrix preventing adhesion formation [19] . In a recent study we questioned this combination due to the toxicity observed when the ani-mals were treated with α-poly-L-lysine alone [20] . The gap between the possible toxicity level of α-poly-L-lysine and the lowest efficient antiadhesive (in combination with poly-L-glutamate) dose is probably too narrow. The aim of this study was to evaluate the possible antiadhesive effect of another four cationic polypeptides, i.e. epsilon poly-L-lysine, lactoferrin, lysozyme and polyarginine, together with the negatively charged poly-Lglutamate, based on the concept of using oppositely charged polypeptides for abdominal adhesion protection.
METHOD AND MATERIALS

Animals
One hundred and twenty five (125) female NMRI mice (Scanbur, Stockholm, Sweden) weighing about 25-30 grams were used. The animals were kept in standardized conditions, at a temperature of 22 degrees Celsius and with 12 hours of daylight. The animals had free access to pellets and tap water. The study was conducted with approval of the local ethical committee and the animals received human care in compliance with the guidelines of the Swedish Government and University of Lund, Sweden.
Chemicals
Osmotic balanced (2.54 w% glycerol) aqueous solutions of the cationic substances epsilon poly-L-lysine (4.7 kDa), lactoferrin (80-90 kDa), lysozyme (14.7 kDa), poly-L-arginine (15-70 kDa), α-poly-L-lysine (> 30 kDa) and the anionic poly-L-glutamat (15-50 kDa) were prepared on the day of the experiment and stored in the refrigerator until used. The chemicals were all purchased from Sigma Aldrich (St Louis, Mo., USA) except for epsilon poly-L-lysine, which was purchased from the Chisso Corporation (Tokyo, Japan).
Model
The animals were anaesthesized using an intramuscular injection of ketamine (Ketalar, Pfizer, N.Y., USA), 150 mg/kg, and xylazaine (Rompun Vet, Bayer AB, Gothenburg, Sweden), 7.5 mg/kg. A reproducible and standardized model used in our former experiments was adopted for this study [21] . Using an aseptic technique, a 25 mm long midline laparotomy was performed after the abdomen was shaved and disinfected. Parallel on each side, about 10 mm from the midline, a 15 mm long incision, including the peritoneum and underlying mus-cle, was performed. The lateral incisions were occluded with 4 interrupted sutures each of 5/0 PDS with one suture at the end of each incision. The midline incision was enclosed with a running 5/0 PDS in two layers. All the animals were treated with buprenorphine.
After one week, a time interval chosen to match our previous studies, the animals were evaluated concerning intraabdominal adhesions. Anesthesia was induced as described above. The abdomen was opened through a U-shaped incision with its base to the right. Adhesions were considered as tissue (bowels or fat) adherent to the experimental wound or to another intraabdominal organ. The lengths of the incisions as well as the adhesions covering the wound were measured with a caliper up to one-tenth of a millimeter and data were expressed as the percentage of the wound covered by adhesions. The distances were measured at the peritoneal level. Other adhesions between intra abdominal organs were also noticed. The animals received sodium pentobarbital straight after the evaluation for euthanasia, in accordance to the AVMA Guidelines on Euthanasia, 2007.
Experimental Design
First Part
In the first part of the study the animals were randomly divided into five groups as presented in Table 1 to examine the antiadhesive effect of different polycations, together with the polyanion poly-L-glutamate. At the end of the operation, just before the abdomen was closed, the treatment substances were installed in volumes and concentrations, as shown in the same table. The different cations were first administered intraabdominally, followed by anion poly-L-glutamate within approximately 10 seconds. Groups number five and six were control groups of 10 animals each, receiving sodium chloride solution (9 mg/ml) and our previous strong antiadhesive formula of poly-L-lysine and poly-L-glutamate respecttively.
Second Part
In the second part of the study we examined the antiadhesive effect of the cation with the best antiadhesive proprieties from the first part of the study i.e. epsilon Table 1 . Experimental design, part one. Study of different polypeptides. poly-L-lysine. Our aim was to investigate the effect with a decreasing amount of the antiadhesive cation-anion complex. The animals were randomly divided into groups as shown in Table 2 . The substances were installed intra-abdominally and in the same sequence as described above.
Third Part
In the last part of the experiment we studied the possible toxicity of epsilon poly-L-lysine when administered alone, without the neutralizing poly-L-glutamate. Four different concentrations were tested in twenty animals, divided in four groups with five animals in each ( Table  3) . The experiment started with the lowest concentration.
Statistical Analysis
Values are given as means (SEM). The non parametric Kruskal-Wallis test was used to compare differences in adhesions between the study groups and the MannWhitney U-test to determine changes between individual groups. A p-value less than 0.05 was considered statistically significant. For these statistical analyses SPSS® version 17 (SPSS Inc, Chicago, Illinois) was used.
RESULTS
In the first part of the study, all animals survived and fared well during the whole experimental period. Epsilon poly-L-lysine, lactoferrin, lysozyme and polyarginine all showed a significant better anti adhesive effect (p < 0.05) as compared to the controls receiving sodium hydrochloride ( Figure 1) . As expected, the α poly-L-lysine was significantly more effective (p < 0.001) than the control group receiving sodium chloride. As seen in the diagram, the most effective of the four substances tested was epsilon poly-L-lysine, followed by polyarginin, lysozyme and, in last place, lactoferrin. Epsilon poly-Llysine was equal to α-poly-L-lysine in its antiadhesive effect and both were significantly better than the other three cations.
In the second part of the study, where different concentrations of epsilon poly-L-lysine were tested, all animals fared well and showed no signs of adverse events during the whole experiment. In Figure 2 , the results are presented and there was a significant anti adhesive effect in every concentration compared to the controls, except In the third and last part of the experiment we studied the toxicity of epsilon poly-L-lysine. All animals except for three survived and fared well trough the whole study period. Those three that died belonged to the group that received the highest concentration of epsilon poly-Llysine, at 0.5%. The animals showed distress and inadequate recovery but did not show any convulsions as they did in the toxicity study of α poly-L-lysine [20] . An autopsy of the three animals did not show any signs of intraabdominal bleeding, signs of macroscopic inflammation or intestinal obstruction.
As pointed out above, all animals except for those three mentioned in the third section fared well during the study period. They were observed frequently during their recovery. Food intake did not seem to be changed. The mice were weighed before primary surgery as well as before the evaluation and no changes were observed.
DISCUSSION
Polypeptides are a group of macromolecules that are widely used today in biological research as drug carriers and gene vectors and for their antimicrobial properties [22] [23] [24] [25] [26] [27] . They are water soluble, biodegradable and often described as non-toxic for humans and the environment [28] .
In previous experimental studies we have shown the strong postsurgical intraabdominal anti-adhesive effect of differently charged polypeptides [16] . In our early experiments we noted the optimal effect of the two oppositely charged polypeptides α-poly-L-lysine and poly-Lglutamate, which creates a matrix that serves as a mechanical barrier for adhesion formation [16] . Previous studies have also shown no effect on local immunological functions, i.e. peritoneal macrophages, and a local clearance of this biodegradable matrix within 4 weeks [16, 19] . The antiadhesive effect of the polypeptides is based on electrostatic binding between the strong cation poly-L-lysine and the negatively charged damaged peritoneum [29] , and thereafter electrostatic bonds between the poly-L-lysine and the anion poly-L-glutamate create a mechanical barrier between damaged and adhesionprone peritoneal tissue. The polypeptide matrix accumulates in areas of damaged peritoneum [16] and has also been shown to aid in intestinal healing as well as decreasing parenchymal bleeding and possibly inflammation [17, 18, 30] .
Due to reports of in vitro and in vivo toxicity using cationic polymers for gene delivery and graft coating [25, [31] [32] [33] [34] we performed a study on the intraabdominal toxicity of single use of the cation α-poly-L-lysine [20] . This study showed a lethal toxicity in mice with the intraabdominal dose we had previously used. However, in lower doses, the toxicity disappeared but the antiadhesive effect was also diminished. The gap between no toxicity and effect was declared too narrow and we aim to find a less toxic cation to use within the concept of preventing intra-abdominal adhesions with differently charged polypeptides. Poly-L-glutamate, administered alone, has in previous experiments shown that it is non-toxic and even decreased adhesion formation, but is not as promising as when used in complex with poly-L-lysine [19] .
In all our previous studies we have used the common form of poly-L-lysine; the α-poly-L-lysine. The alpha form is a long helix-shaped chain that elongates when in contact with the cell membrane. The alpha form carries longer side chains than do most other polypeptides. We hypothesized that due to the long side chains, the alpha form penetrates, interacts and bursts the cell membrane, causing immediate cell cytotoxicity [35] [36] . This has support in the literature, suggesting that the toxicity of polypeptides and polycations in particular is not only dose-dependent but also connected to molecular weight and cationic charge density [37] [38] .
In the present study we have tried to examine other cationic polypeptides with properties that we hypothetically need to create a strong anti-adhesive matrix but still have a non-toxic environment, not only for the combination of polypeptides but also for the polypeptides themselves. These polypeptides would preferably be long enough that a strong matrix can be formed (size) and have a cationic charge sufficient enough to interact with, but not burst, the cell membrane (density). For this test we used two linearly structured substances, i.e. epsilon poly-L-lysine and poly-L-arginine, and two globular structured substances, lactoferrin and lysozyme.
Epsilon poly-L-lysine is a natural substance from the metabolism of Streptomyces albus, with the capacity to inhibit growth of both grampositive and gramnegative bacteria. It is widely used as a food preservative and is also reported having an antitumoral effect [28, [39] [40] . Epsilon poly-L-lysine is of shorter length and has shorter sidechains than α-poly-L-lysine (Figure 3) , and therefore, we hypothesize, carries less membrane cytotoxicity. Poly-L-arginine is a well-known protein transduction domain used to transport molecules into cells [41] . It is of roughly the same size as α-poly-L-lysine. Lactoferrin is also known as lactotransferrin. It is a globular multifunctional glycoprotein that contains many polycation domains. It has antimicrobial and anti-inflammatory activity and is found in milk and many mucosal secretions such as tears and saliva [42] . Lysozyme is an enzyme that is part of the innate immune system and, like the previous substances, has an antimicrobial effect. It is present in many mucosal secretions like lactoferrin. In the present study we have shown that all of the new polycationic substances tested with poly-L-glutamate in the experiment reduced the amount of adhesion formation significantly compared to the controls, further strengthening the concept of the use of differently charged polypeptides as a matrix barrier for postsurgical adhesion control.
Epsilon poly-L-lysine was superior to polyarginine, which in turn was more effective than lysozyme and lactoferrin. This indicates that a polypeptide with a linear structure is better than one that is globular, probably due to the fact the globular substances have their ionic charges turned inward. The four-fold increase in the concentration of lysozyme in this experiment is based on its small size, but mostly due to its ball-like structure that does not expose as much charge as the other substances. In previous studies we have also shown a decreased effect of α-poly-L-lysine when using smaller size (shorter chains) [43] and also an effect, however small, of lysozyme in a concentration of 1% [19] . By increasing the concentration of lysozyme we hoped to create enough molecules for strong matrix formation.
In the second and third part of the experiment we focused on the antiadhesive effect of epsilon poly-L-lysine, which turned out to be equal to that of α-poly-L-lysine.
In the latter parts of the study a diminished antiadhesive effect of epsilon poly-L-lysine was shown, as expected, with decreasing doses. However, epsilon poly-L-lysine showed a significant antiadhesive effect in combination with poly-L-glutamate 40-fold below toxicity level as shown in part three of the experiment.
The toxicity of epsilon poly-L-lysine was 10-fold lower compared to α-poly-L-lysine [28] , most probably due to the fact that it is smaller in size. Therefore epsilon poly-L-lysine is promising as a polypeptide that could be part of a future antiadhesive treatment, even though an even lower toxicity level would be preferred. However, there is still room for the development of the concept of bioactive biodegradable oppositely charged polypeptides as antiadhesive treatment.
One possibility might be to construct a premix of alfa poly-L-lysine and poly-L-glutamate with an excess of poly-lysine resulting in a one-dose administration, where the oppositely charged polypeptides are already bound to each other, but with a net positive complex within toxicity levels. Another possible way could be to alter the cationic polypeptide to decrease the cationic charge density, or to alter it spatially.
CONCLUSIONS
In summary, we have further proven the antiadhesive effect of using two oppositely charged polypeptides in an experimental mouse model. The use of epsilon poly-L-lysine as the cationic part is promising and needs further attention, and studies along with parallel continuous research for a more atoxic cationic polypeptide in the setting of antiadhesive oppositely charged bioactive polypeptides, preferably of smaller size and of lower ionic density. Studies are ongoing in vitro for cytotoxic evaluation and in vivo to examine the potential direct influence on the fibrosis-fibrinolysis balance. A new model is being developed for testing lower concentra-tions and volumes of the polypeptides used.
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